Mapping origins of replication has been challenging in higher eukaryotes. We have developed a rapid, genome-wide method to map origins of replication in asynchronous human cells by combining the nascent strand abundance assay with a highly tiled microarray platform, and we validated the technique by two independent assays. We applied this method to analyse the enrichment of nascent DNA in three 50-kb regions containing known origins of replication in the MYC, lamin B2 (LMNB2 ) and haemoglobin b (HBB ) genes, a 200-kb region containing the rare fragile site, FRAXA, and a 1,075-kb region on chromosome 22; we detected most of the known origins and also 28 new origins. Surprisingly, the 28 new origins were small in size and located predominantly within genes. Our study also showed a strong correlation between origin replication timing and chromatin acetylation.
INTRODUCTION
Mapping the origins of replication in higher eukaryotes has proved to be a challenge because of the size and complexity of their genomes, and the absence of sequence specificity at the origins. Several techniques have been developed to map origins in eukaryotes based on the detection of events present only at the origin, such as the presence of short, newly replicated singlestranded DNA (Giacca et al, 1994 ; reviewed by Hamlin & Dijkwel, 1995) . However, major limitations of each of these techniques-for example, the fact that they are labour-intensive and can be applied only to small regions of the genome-have limited their widespread application. Thus, after two decades of intense efforts, only a small number of origins have been mapped in metazoans (reviewed by Gilbert, 2001; Machida et al, 2005) .
The availability of the genome sequence of several species, together with the development of DNA microarray technology, has facilitated the analysis of replication dynamics and the mapping of origins at a genome-wide level. However, the available methods are indirect assays, they involve cell-cycle synchronization, which might not be feasible in all cell types and requires the use of replication inhibitors that might alter origin usage (Anglana et al, 2003) , or they require PCR amplification steps that might introduce bias, and most are labour-intensive and time-consuming (Mesner et al, 2006 ; reviewed by MacAlpine & Bell, 2005) . By combining the nascent strand assay with a tiled microarray platform, we have developed a rapid, non-PCR based, high-throughput approach to map active origins in asynchronous human cells (Fig 1) . We also developed a peak finding method that is applicable to any microarray-based genome-wide mapping study in which discrete regions are expected. We used our originmapping method to analyse three 50-kb regions, MYC, lamin B2 (LMNB2) and haemoglobin b (HBB), which contain known origins (Vassilev & Johnson, 1990; Kitsberg et al, 1993; Trivedi et al, 1998; Abdurashidova et al, 2000; Kamath & Leffak, 2001 ), a 200-kb region containing the FRAXA rare fragile site (Hansen et al, 1993) and a 1,075-kb region of chromosome 22 for which the replication timing has been studied in detail (White et al, 2004) . We validated our results by two independent assays, thereby showing that this new genome-wide origin-mapping approach is robust.
RESULTS AND DISCUSSION Assaying hybridization quality
To map the origins of replication at a genome-wide level, we designed a highly tiled microarray platform covering both the forward (FWD) and reverse (REV) DNA strands of five human regions (supplementary Table 1 online). For statistical purposes, each probe was duplicated on the array to create four data sets: FWD1, FWD2, REV1 and REV2. To summarize our array design, 93% of the five regions were covered at the highest density with a 20-nt overlap between probes; for the remaining 7%, the gaps were 5077864 nt in length (range 31-9,817 nt).
We used a Z-score transformation to assess the reproducibility of hybridization across each array. This analysis allowed us to identify the probes for which the quality of the data was not sufficient, that is, poor quality of local hybridization or inconsistent probe behaviour. Whenever the Z-score value of a probe and its duplicate was above the chosen cutoff of 3, the two probes were excluded from the analysis. We observed a similar distribution of Z-score values between the four sets of data for the five regions (see supplementary Fig 1A online ), indicating that both strands behaved in a similar manner. Finally, approximately 98% of the data satisfied our standards of reproducibility and were included in subsequent analyses (supplementary Fig 2B online) .
Development of the origin peak finding method
To identify peaks representing potential origins, we used a 'sliding window' method, which was based on three parameters: the size of the window; the cutoff of the log 2 ratio-that is, nascent DNA over G1 DNA hybridization signals; and the threshold percentage of probes within the window that were above the log 2 ratio cutoff. To assess the likelihood of any peak as representing a true origin, we estimated the false-positive rate (FPR) for each peak that was identified. Peaks with an FPR of more than 10% were considered to be false-positives and were not included in the remaining analyses. To enhance the confidence level of the origin-finding method, we systematically increased the threshold percentage of probes within the selected sliding window of 625 nt from 4 out of 20 (20%) to 20 out of 20 (100%) probes (Fig 2) . Finally, a peak must be present, with an FPR of 10% or less in at least three out of the four data sets analysed at any cutoff between 40% and 100% to be designated as a putative origin.
We analysed the distribution of peaks with an FPR of 10% or less and present in one, two, three or four of the data sets, for each of the thresholds used in the analysis (40-100%; supplementary  Fig 2 online) . Almost 60% of the peaks were present in all four data sets at the 40% threshold in two independent nascent strand isolations and hybridisations; we did not detect any strand bias for the peaks detected in fewer than three data sets.
The next step was to merge the data obtained for the four data sets for each percentage of qualifying probes (40-100%) into a set of shared putative origins. Given the size of the nascent strand fragments used for the experiment (300-1,000 nt), we elected to merge any two peaks located less than 2 kb apart into a single-origin region. We used this '2-kb-rule' to determine the position of the origins for each data set, and then for the shared peaks between the four data sets of an experiment (supplementary Fig 3 online) .
Application of the method to multiple data sets
By analysing the origin-mapping results from two experiments (Fig 3;  supplementary Fig 4 online) , we identified 85% of the known origins in the MYC, LMNB2 and HBB regions, and also several new origins that are located outside the previously studied regions. As predicted, we mapped an origin adjacent to FRAXA, which was independently identified while our manuscript was in preparation (Gray et al, 2007) . The specificity of our method was confirmed further by the fact that we were unable to detect the known origins in hybridizations using shorter nascent fragments Microarray genome-wide origin-mapping method I. Lucas et al (smallest fragments less than 100 bp), which are highly enriched for Okazaki fragments and are therefore not specific to origins of replication (supplementary Fig 5 online) . The origins identified in this analysis were distributed into two groups (supplementary Table 2 online). The first category comprises origins that were detected in both experiments; within the 1.4 Mb of the genome examined, we identified a total of 28 new origins in this category. On average, 69722% of all origins were common in both experiments (Table 1) . Origins in this group might correspond to the most efficient origins and/or origins that are less sensitive to experimental variations. The second category includes origins that were detected in only one experiment. As both new and known origins were observed in this group, it is unlikely that all of these origins are false-positives (supplementary Fig 5 online) . Surprisingly, none of the putative origins mapped in a 377-kb portion of the chromosome 22 region was found in both experiments. This result could be explained by experimental variations as we observed up to 20% variation when the same DNA samples were used for replicate hybridizations (data not shown) and/or by variations in origin usage, which were influenced by culture conditions. In this regard, it has been proposed that the human genome might contain many potential origins (Machida et al, 2005) . Thus, within a given region of the genome, the efficiency of origin usage might be variable among cells within a population and also between populations. To evaluate the robustness of our method, we mapped origins within six more regions (1.4-5.4 Mb) of the human genome covering a total of approximately 20 Mb on five different chromosomes. In two independent experiments, we observed 7077% (61-85%) origin conservation (data not shown). We observed variability similar to the region on chromosome 22. Within four of the six regions examined, specifically, we identified nine comparable regions, ranging from 106 to 357 kb, which represented approximately 9% of the 20 Mb analysed-criteria for inclusion were more than 100 kb with at least two origins per experiment that were not shared. These results indicate that the local variability observed on chromosome 22, and the other genomic regions that we have examined, is more likely to be the result of a biological The open arrowheads indicate the peaks that were examined using real-time PCR analyses (Fig 4) . The AþT content is plotted as a 500 bp sliding window along each region, and a horizontal white line indicates the 50% level.
Microarray genome-wide origin-mapping method I. Lucas et al process rather than a technical limitation. Finally, because we applied very stringent criteria, it is possible that origins detected in one experiment could be just below the cutoff criteria in another experiment. To evaluate this possibility, we examined two origins that were detected in some, but not all, experiments using real-time PCR quantification of nascent strand DNA and confirmed that they represented authentic origins (data not shown). We analysed the average distance from centre to centre of adjacent origins for all five regions combined (supplementary Fig 6A  online) . With the exception of the 377-kb domain on chromosome 22 mentioned above, 75% of the shared origins were 50 kb or less apart. Our results are compatible with the estimates for interorigin distance obtained by analysis of autoradiographs of DNA fibres (reviewed by Hand, 1978) and by recent DNA-combing studies (Anglana et al, 2003; Norio et al, 2005) .
It has been proposed that broad initiation zones will be observed in large intergenic regions and in non-transcribed genes, whereas small intergenic regions will contain circumscribed origins, and transcribed regions and/or regions with a nonpermissive chromatin will contain no active origins (reviewed by Machida et al, 2005) . However, we did not identify large replication zones (approximately 50 kb), and 95%, 90% and 69% of the mapped origins for experiments 1, 2 and the shared peaks, respectively, were 5 kb or less (supplementary Fig 6B  online) . Furthermore, we found that approximately 80% of the shared origins identified within the region of chromosome 22 analysed are within genes. The mapping of origins and the analysis of the transcription level within other large regions of the genome will be required to determine whether there is a general trend between origin location and the position of genes.
As it has been suggested that origins of replication in higher eukaryotes might be determined by chromatin elements such as AþT-rich DNA rather than specific sequences, we analysed the AþT content of the origins mapped in this study (Table 1; Fig 3; supplementary Fig 4 online ; data not shown). We were unable to identify any clear AþT-rich common element or strong sequence similarity among the origins; however, we could not exclude the possibility that some sequence elements, localized near or at the replication start sites, which would only be shown by fine mapping, have a role in origin selection and activity (Ina et al, 2001 ).
Confirmation of origins by two independent assays
We evaluated our origin-mapping method by real-time PCR analysis of the abundance of nascent strand DNA and chromatin immunoprecipitation (ChIP) of two proteins of the prereplication complex: origin recognition complex (ORC6) and minichromosome maintenance deficient 5 (MCM5). By using these two independent assays, we confirmed the known origin of LMNB2, and all three new origins within the FRAXA and chromosome 22 regions (Fig 4) . For all four origins examined, ORC6 binding correlated with the results of nascent strand abundance. We found that MCM5 can have a dispersed binding pattern as observed at the known FMR1 origin, most probably owing to the spreading of MCM proteins from the origin, which has been observed previously (Todorovic et al, 2005) . We also confirmed the presence of the known MYC origin by real-time PCR analysis of nascent strand abundance (data not shown).
Correlation of origins and chromatin acetylation
As it has been proposed that chromatin acetylation has a role in origin selection, activity and timing of firing (reviewed by Zhou 
Late ( Table 1) showed a strong correlation between early origin firing and chromatin acetylation, as previously shown in yeast (Vogelauer et al, 2002) .
METHODS
Cell culture. Human Epstein-Barr virus-transformed lymphoblastoid cells (cell line 11365) with a normal karyotype (46,XX) were cultured in RPMI1640 medium with 1% HEPES, 100 U/ml penicillin, 100 mg/ml streptomycin and 10% fetal bovine serum (all reagents from Invitrogen, Carlsbad, CA, USA) at 37 1C in a 5% CO 2 /95% air atmosphere. Isolation of nascent DNA. Nascent DNA was isolated according to the method described by Giacca et al (1994) , with the following modifications. The sucrose gradient fractions corresponding to the 300 bp-1 kb size range were pooled and precipitated by adding 1/10 volume of 3 M sodium acetate (pH 6.0) and 2.5 volumes of cold ethanol (6-8 mg of nascent DNA was obtained from 100 Â 10 6 cells). The size range of the DNA was verified by gel electrophoresis. Isolation of genomic DNA from sorted G1 cells. Cells (50 Â 10 6 ) in logarithmic growth phase were fixed at a final concentration of 0.5 Â 10 6 cells/ml in 30% PBS/70% ethanol and stored at À20 1C for at least 30 min. The cells were washed twice with cold PBS Microarray genome-wide origin-mapping method I. Lucas et al (MgCl 2 /CaCl 2 -free; Sigma, St Louis, MO, USA), resuspended at a final concentration of 1 Â 10 6 cells/ml in RNaseA solution (0.1 mg/ml in PBS, Sigma) and incubated at 37 1C for 30 min. Cells were washed twice with cold PBS, resuspended at a final concentration of 1 Â 10 6 cells/ml in propidium iodide (PI) solution (0.1 mg/ml in PBS, Sigma) and incubated on ice in the dark for at least 30 min. PI-stained cells were analysed and sorted on a MoFlo cytometer (Dako Colorado Inc, Fort Collins, CO, USA) equipped with a Coherent Innova 90-5 argon laser emitting at 488 nm. DNA-bound Pl emission was collected at the FL2 position through a 580/30 band pass filter. Cells were gated on a pulse width versus forward scatter plot to discriminate against aggregates. The sorted G1 cells were incubated at 65 1C after adding EDTA (5 mM), Tris (pH 8.0, 10 mM), SDS (0.1%) and proteinase K (200 mg/ml, Roche, Basel, Switzerland), followed by phenolchloroform extraction. The aqueous phase was dialysed against water at 24 1C for 4 h. The DNA (approximately 6 mg) was precipitated by adding 1/25 volume of 5 M NaCl and 2.5 volumes of cold ethanol. Chromatin immunoprecipitation. ChIP was carried out according to the protocol provided by Upstate Inc (Millipore, Billerica, MA, USA; http://www.upstate.com) with the following modifications. Crosslinking of the protein-DNA complexes was carried out by incubating 5-10 Â 10 6 log-phase cells with 1% formaldehyde at 37 1C for 15 min and stopped by the addition of glycine (0.125 M, 5 min, 24 1C). Cells were washed twice with ice-cold PBS and lysed with 500 ml of NP-40 buffer (5 mM PIPES (pH 8.0), 85 mM KCl, 0.5% NP-40 and 1% protease inhibitor cocktail; Calbiochem, EMD Chemicals Inc, San Diego, CA, USA). Nuclei were lysed with 200 ml of SDS buffer (0.05 M Tris-HCl (pH 8.1), 10 mM EDTA, 1% SDS and 1% protease inhibitor cocktail), and DNA was sheared. Before the pre-clearing step with salmon sperm DNAprotein A or G agarose beads (32 mg; Upstate), 1% of the nuclear lysate was set aside as the input sample. The following antibodies were used for ChIP: acetylated histone H3 Lys 9/14 (06-599, Upstate, 1:132 dilution), MCM5 (ab17967, AbCam (Cambridge, MA, USA), 1:125) and ORC6 (05-938, Upstate, 1:500). The antibody-protein-DNA complexes were retrieved by the addition of 24 mg of salmon sperm DNA-protein A or G agarose beads. Microarray technique. All regions were tiled with 50-mer probes avoiding ambiguous bases by using repeat masked data obtained from UCSC (http://genome.ucsc.edu; supplementary Table 1 online). The minimum and median tiling intervals were 30 nt (start-to-start, 20-nt overlap) for the five regions. The chromosome location of the probes is shown in Fig 3 (MYC, LMNB2 , HBB and FRAXA) and in supplementary Fig 4 online (chromosome 22  region) . The probes were then randomly placed on the array in duplicate using ArrayScribe array design software (NimbleGen Systems Inc, Madison, WI, USA). The arrays were constructed by NimbleGen using maskless array synthesis technology, with approximately 385,000 oligonucleotides synthesized by photolithography per array (Singh-Gasson et al, 1999) . The labelling of DNA, microarray hybridization and scanning were carried out by the NimbleGen Service Laboratory as described previously (Selzer et al, 2005) . Briefly, 1 mg of each DNA sample was labelled using random nonamers. Thirty-fold amplification was typically achieved and 13 mg of each DNA sample was used for the hybridization. Log 2 ratios (Equation (1)) were computed for each sample pair and scaled using the Tukey bi-weight mean (Mosteller and Tukey, 1977) using NimbleScan 2.1: log 2 Nascent strand hybridization signal G1 DNA hybridization signal ð1Þ
Z-score analysis. The absolute difference (|X|) (Equation (2)) between the linear converted data obtained for a probe and its duplicate was normalized by applying a Z-score transformation, using the mean (m) and the standard deviation (d) of all of the absolute differences calculated across the array (Equation (3)). The absolute difference was used to avoid favouring the results of one probe over its duplicate:
jXj ¼ jlinear ratio probe À linear ratio duplicated probej ð2Þ
Origin peak finding method and FPR analysis. During the peak finding process, the sliding window was moved across each data set. We tested a range of sizes for the sliding window and, based on the detection of the known origins, we selected a window size of 625 nt. Within the window, a probe was considered to 'qualify' if its log 2 ratio was above a set cutoff. A peak was identified when the number of qualifying probes was above a set percentage of the probes within the window (from 20% or 4 out of 20 probes to 100% or 20 out of 20 probes). The start position of the first qualifying probe and the end position of the last qualifying probe were set as the start and end positions of the peak. This procedure was repeated using a series of log 2 ratio cutoff values, r 1 , r 2 , y r i , where r 1 4r 2 4?4r i , and r 1 equals the maximum of the log 2 values across a data set. To minimize the effects of outliers, we used a 'hypothetical maximum', which was calculated for each strand of each region, and corresponded to the mean of the log 2 ratio values plus six standard deviations.
To estimate the FPR of each peak, we randomized the data, strand-by-strand, for each region and estimated the number of peaks found by chance at each log 2 ratio cutoff value r i . The process was repeated 20 times and averaged. The FPR was defined as the ratio of the average number of peaks found using the log 2 ratio cutoff value r i for the randomized and the non-randomized data (Equation (4)). This FPR value was assigned to the peaks that were present at the log 2 ratio cutoff value r i, but absent at the value r i-1 : FPR ¼ Number of randomized data peaks Number of non-randomized data peaks ð4Þ
Data merging methods. The merging of peaks was carried out in two steps: first strand-by strand and then for the four data sets for each region. Any two peaks 2 kb or less apart on the same strand were merged. The most left and the most right positions of the two peaks were used to define the merged-peak coordinates. Only the peaks present in at least three out of four data sets of an experiment were retained as shared peaks. The merged peaks obtained between the four data sets for each percentage of qualifying probes (40-100%) were then combined. The programs developed for Z-score analysis and peak finding are available on request.
Real-time PCR. PCR reactions were carried out in triplicate in a LightCycler s PCR machine using LightCycler s capillary tubes
Microarray genome-wide origin-mapping method I. Lucas et al (Roche) and the RT 2 real-time PCR assay mix (Superarray), following the manufacturer's protocol. The abundance of nascent strand was estimated using a six-point standard curve obtained with a fivefold serial dilution of genomic DNA. The ChIP sample quantifications were calculated relative to the input sample and are presented as the fold enrichment over a given marker for each region analysed. PCR reactions were verified by melting curve analysis and gel electrophoresis. The PCR conditions were set as follows: an initial 15 min denaturation step at 95 1C, followed by 40 cycles including a denaturation step of 15 s at 95 1C and an amplification step of 60 s at the temperature specific for each primer set (supplementary Table 3 
